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Abstract: Since pioneering works in the middle of the 19th century, our knowledge of the histology of
hard tissues of mammals has much increased. It has been demonstrated that bone and tooth histological
traits correlate with biological variables and provide reliable estimates of growth and life history patterns
in mammals. The variation of the key trait body size within clades of this group is common, especially if
we consider extinct species. The developmental and life history changes behind this evolutionary pattern
are a rich subject of investigation. This dissertation aims at investigating bone and tooth microstructure
as markers of such changes. In chapters 1.7 and 2, the knowledge and methods on synapsid (modern
mammals as well as extinct ancestors and close relatives) bone microstructure and palaeohistology were
systematically reviewed. Potential future research fields and techniques were discussed. Synapsid bone
shows a large variety of bone tissues: Woven-fibred bone (disorganised), parallel-fibred bone, lamellar bone
(arranged in thin layers), and fibrolamellar bone (mixture of woven-fibred and parallel-fibred/lamellar
bone). New bone histological data on two extant marsupial species and of several extinct mainland
and island placental mammals are presented. The bone cortex of extant marsupials consists of mainly
parallel-fibred bone with a varying orientation of vascular canals. Hippopotamus minor, an extinct dwarf
island hippopotamid from the Late Pleistocene ( 126 –12 kya) of Cyprus, shows fibrolamellar bone with a
reticular (anastomosing) to plexiform (circumferential with radial connections) arrangement of vascular
canals. Mikrotia magna, an extinct island rodent from the Late Miocene ( 12–5 Mya) of Gargano,
shows parallel-fibred primary bone with reticular vascularisation whereas another extinct island rodent,
the dormouse Leithia sp. from the Pleistocene ( 2.6-0.012 Mya) of Sicily, displays lamellar primary
bone and a high amount of remodelling. The bone cortex of one continental and three island species
of the extinct lagomorph Prolagus is characterised mainly by parallel-fibred primary bone with varying
orientation of vascular canals. Paraceratherium sp. from the Late Oligocene ( 28-23 Mya) of Turkey, the
extinct giant rhinocerotoid, is represented by dense Haversian bone. Sinomegaceros yabei, the extinct
Japanese giant deer from the Late Pleistocene, is characterised by high growth rates. Bone histological and
skeletochronological (based on growth mark analysis) traits of sampled island mammals in comparison to
mainland relatives suggest the presence of various modes of life history modifications on islands to depend
on factors of island evolution such as island size, distance from mainland, time of evolution, climate, and
phylogeny. Deer (Cervidae) represent an ideal case study for exploring body size and life history evolution,
as they are characterised by a rich fossil record, a generally well-known phylogeny, and exceptional
examples of body size evolution. In chapter 3, the hard tissue histology of eight deer species, including
the illustrative genus Candiacervus with two dwarfed morphotypes from the Pleistocene of Crete, and the
extinct giant deer Megaloceros giganteus, both closely related to the recent fallow deer, Dama dama, was
examined. Long bones of all deer species sampled mainly possess primary plexiform fibrolamellar bone
indicating a comparable mode of growth. Dwarf Candiacervus are characterised by low absolute growth
rates, Megaloceros giganteus by high rates, and Dama dama by intermediate to low ones. The small,
basal deer from the Early Miocene ( 23-16 Mya), Procervulus praelucidus, shows the lowest growth rates
recorded. Growth rates as derived by Sander Tückmantel (2003) plotted against the anteroposterior bone
diameter as a proxy for body mass indicate three groups: A group showing low growth rates, including
dwarf Candiacervus and Procervulus, an intermediate group with Capreolus capreolus (roe deer) and
Muntiacus muntjak (Indian muntjac), and one with high growth rates including Megaloceros giganteus,
Alces alces (elk), Cervus elaphus (red deer), and Dama dama. Dwarf Candiacervus and Procervulus
praelucidus indicate late attainment of skeletal maturity. Two senile Megaloceros specimens revealed,
after tooth cementum analysis, ages of 16 and 19 years whereas two old dwarf Candiacervus specimens
gave ages of 12 and 18 years. In an allometric (in relation to body size) context, dwarf Candiacervus
therefore had an extended lifespan compared to deer of similar body size. After comparison with other
clades of mammals, it is concluded that various modes of skeletal tissue modification in evolution are
linked with changes in size and life history that have occurred in parallel. In chapter 4, the histological
dataset on cervids presented in chapter 3 was expanded. The long bone histology of the extinct “basal”
deer Dicrocerus elegans and Euprox sp. from the Miocene ( 23-5 Mya) was examined. Those species
together with growth rates of the extinct Japanese giant deer, Sinomegaceros yabei, were included in the
dataset of chapter 3 and ancestral growth rates among cervids and their correlation with body size were
estimated. Dicrocerus shows a relatively high growth rate for its body size and attainment of skeletal
maturity after five years. The growth rate condition found in Procervulus and Euprox is different and
documents diversity in life history evolution of Miocene cervids. Scaling of skeletal elements in relation
to size is a fundamental question of biology. By broad sampling of a wide range of body sizes, previous
examinations have discovered general principles. However, for understanding scaling patterns of bones, it
is essential to consider effects of confounding factors related to different lifestyles. In chapter 5, cervids,
comprising various body sizes in contrast to a relatively uniform lifestyle, were comprehensively sampled
and the mid-diaphyseal structure of their long bones was studied. Compactness parameters do not scale
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(P) is more constrained in large-sized taxa. Therefore, it is concluded that tubular bones of large-sized
terrestrial animals are more intensively selected for an energy-saving mid-diaphyseal structure since the P
parameter is known to be centred around a mass-saving biomechanical optimum. Keywords: Mammals,
Palaeohistology, Body size, Life history, Island evolution, Bone tissue, Cementum analysis, Cervids,
Marsupialia, Rodentia, Prolagus, Hippopotamus, Deinogalerix, Paraceratherium
Posted at the Zurich Open Repository and Archive, University of Zurich
ZORA URL: http://doi.org/10.5167/uzh-129830
Veröffentlichte Version
Originally published at:
Kolb, Christian. Bone and tooth microstructure in extinct and extant mammals and implications for
growth and life history evolution, with an emphasis on cervids as a case study. 2016, University of
Zurich, Mathematisch-naturwissenschaftliche Fakultät.
2
   
Bone and Tooth Microstructure in Extinct and Extant Mammals and 
Implications for Growth and Life History Evolution, with an 
Emphasis on Cervids as a Case Study 
 
 
Dissertation  
zur  
Erlangung der naturwissenschaftlichen Doktorwürde  
(Dr. sc. nat.)  
vorgelegt der  
Mathematisch-naturwissenschaftlichen Fakultät  
der  
Universität Zürich  
von 
 
Christian Kolb 
 
aus 
Deutschland 
 
Promotionskomitee 
Prof. Dr. Marcelo R. Sánchez-Villagra 
(Leitung der Dissertation und Vorsitz) 
PD Dr. Torsten M. Scheyer 
Prof. Dr. Arpat Ozgul 
Dr. Loïc Costeur (Gutachter) 
 
 
Zürich, 2016 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
To my family 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
BONE AND TOOTH MICROSTRUCTURE IN EXTINCT AND EXTANT 
MAMMALS AND IMPLICATIONS FOR GROWTH AND LIFE HISTORY 
EVOLUTION, WITH AN EMPHASIS ON CERVIDS AS A CASE STUDY 
 
 
 
Christian Kolb 
Universität Zürich, 2016 
 - 2 - 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Title page image: 
 
Extreme size variation within fossil cervids, exemplified by the insular dwarf deer 
Candiacervus sp. II and the giant deer Megaloceros giganteus. 
 
 
Sources: van der Geer et al. (2006), Gould (1974) 
 - 3 - 
CONTENTS 
 
 
ACKNOWLEDGEMENTS               5 
 
SUMMARY                7 
 
ZUSAMMENFASSUNG             11 
 
CHAPTER 1  Introduction          15 
   1.1 Body size and island evolution       16 
1.2 Hard tissue palaeohistology – a tool for decipherment  
of life histories         19 
1.3 Cervids – an ideal case study clade      19 
 1.4 Aims and overview        20 
 1.5 Thesis outline         22 
 1.6 Excursion: Dental histology of fossil mammals – A method 
 for visualising growth marks in cementum     22 
 1.7 Bone histology of non-cynodont synapsids – a review    27 
CHAPTER 2 Mammalian bone palaeohistology: a survey and new data with  
emphasis on island forms        41 
CHAPTER 3 Growth in fossil and extant deer and implications for body size  
and life history evolution        87 
CHAPTER 4 Growth and life history of Middle Miocene deer (Mammalia,  
Cervidae) based on bone histology     113 
CHAPTER 5 The constraint of size on the mid-diaphysis of long bones 
 - the case of deer       127 
CHAPTER 6  Conclusions and future perspectives     177 
 
APPENDIX 1 The palaeohistology of the basal ichthyosaur Mixosaurus Baur, 1887 
(Ichthyopterygia, Mixosauridae) from the Middle Triassic:  
Palaeobiological implications      181 
APPENDIX 2 A new look at ichthyosaur long bone microanatomy and histology:  
implications for their adaptation to an aquatic life   191 
 
CURRICULUM VITAE          203 
 
 
 - 4 - 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ACKNOWLEDGEMENTS 
- 5 - 
Acknowledgements 
There are many people I am indebted to since they helped me finishing this 
dissertation in different ways. First of all, I thank my supervisor Prof. Dr. Marcelo R. 
Sánchez-Villagra for his continuous support, enthusiasm, encouragement, and veritable 
interest in my work. Not least because of fruitful discussions and constructive criticism raised 
by him, the success and kind of this dissertation became possible. PD Dr. Torsten M. Scheyer 
is thanked for his constant sustainment and good advice and Prof. Hugo Bucher for being an 
encouraging director. Further I would like to thank the Schweizerischer Nationalfonds (SNF), 
the Forschungskredit of the University of Zurich, and the Deutscher Akademischer 
Austauschdienst (DAAD) for financial support. Many thanks for his advice go to Prof. Arpat 
Ozgul (Institut für Evolutionsbiologie und Umweltwissenschaften, Universität Zürich, 
Switzerland), the third member of my committee. Dr. Loïc Costeur (Naturhistorisches 
Museum Basel, Switzerland) is thanked for reviewing this dissertation. 
Cordial thanks go to co-authors/colleagues for granting access to collections for 
histological sampling, fruitful discussions, and important advice: Adrian M. Lister and Emma 
Bernard (Natural History Museum, London, UK), John de Vos (Naturalis, Leiden, The 
Netherlands), Gertrud E. Rössner (Bayerische Staatssammlung, München, Germany), Nigel 
T. Monaghan (National Museum of Ireland, Dublin), Frank Zachos and Alexander Bibl 
(Naturhistorisches Museum Wien, Austria), Christian Stauffer (Wildnispark Zürich, 
Switzerland), Renate Lücht and Heiner Luttman (Zoologisches Institut der Universität Kiel, 
Germany), Marianne Haffner and Barbara Oberholzer (Zoologisches Museum der Universität 
Zürich, Switzerland), Heinz Furrer, Christian Klug, and Winand Brinkmann 
(Paläontologisches Institut und Museum, Universität Zürich, Switzerland (PIMUZ)), Loïc 
Costeur (Naturhistorisches Museum Basel), George Lyras (Museum of Paleontology and 
Geology, University of Athens, Greece), Hiroyuki Taruno (Osaka Museum of Natural 
History, Japan), Ebru Albayrak (MTA Natural History Museum, Ankara, Turkey), Christine 
Argot, Christine Lefèvre, and Joséphine Lesur (Muséum National d’Histoire Naturelle, Paris, 
France), Christiane Funk (Museum für Naturkunde, Berlin), and Analia M. Forasiepi 
(CONICET, Mendoza, Argentina). 
I also would like to thank the following co-authors/colleagues for scientific and 
methodological collaboration as well as helpful advice: Eli Amson (Museum für Naturkunde, 
Berlin, Germany), Concepcion Azorit (University of Jaen, Spain), Kristof Veitschegger 
(PIMUZ), Alexandra A. E. van der Geer (Naturalis, Leiden, The Netherlands), Shoji Hayashi 
(Osaka Museum of Natural History, Japan), Margaretha A. J. Schlingemann (Leiden 
ACKNOWLEDGEMENTS 
- 6 - 
University, The Netherlands), Pierre-Olivier Antoine (Institut des Sciences de l’Evolution-
Montpellier, France), Hatem Alkadhi (UniversitätsSpital Zürich), Alexandra Houssaye 
(Muséum National d’Histoire Naturelle, Paris, France), Valentin Fischer (Géologie, 
Université de Liège, Belgium), P. Martin Sander (Steinmann-Institut, Universität Bonn, 
Germany), and Jasmina Hugi (PIMUZ). 
The collaboration with all these persons was my pleasure and an honour. 
Many thanks go to Heike Götzmann for administrative support and Heinrich Walter 
for IT sustainment. I thank Vivien Jaquier, Fiona Straehl, Madeleine Geiger, and Sarah 
Bolliger (all PIMUZ) for help with the preparation of thin sections and Stephan Spiekman 
(Leiden University, The Netherlands) and Philipp Münst (University of Zurich, Switzerland) 
for preliminary data acquisition and analysis. Ashley Latimer (PIMUZ) and Cathy Ridgway 
are thanked for English corrections in chapter 2. Alexandra Wegmann, Markus Hebeisen, 
Rosi Roth, Jérôme Gapany, and Sabine Schenk (all PIMUZ) are thanked for various support.  
 During the course of my dissertation I had the luck to share offices with great 
colleagues and friends who helped me through difficult times and I would like to thank them 
heartily for their support, encouragement, understanding, and many fruitful discussions on not 
only our scientific projects but also, family, friends, beer, football, and everything under the 
sun: James Neenan, Juan Carrillo, Ashley Latimer, Gabriel Aguirre Fernandez, and Madeleine 
Geiger. Many thanks also go to all the other members of the PIMUZ that shared their time in 
and outside the institute with me and my family. Moreover, I would like to thank all my 
friends from outside the PIMUZ for their sustainment and encouragement. 
 There is no doubt that all this would not have been possible with the incredible 
sustainment, understanding, and encouragement I received from my family: My wife Melanie, 
my daughter Theresa who was born during the course of this dissertation, my mother 
Marianne, my father Günter who sadly passed away during the course of this dissertation, and 
my brother Alexander and his family. I hereby would like to thank them from my deepest 
heart for everything. 
 
 
 
 
 
SUMMARY 
- 7 - 
Summary 
Since pioneering works in the middle of the 19th century, our knowledge of the 
histology of hard tissues of mammals has much increased. It has been demonstrated that bone 
and tooth histological traits correlate with biological variables and provide reliable estimates 
of growth and life history patterns in mammals. The variation of the key trait body size within 
clades of this group is common, especially if we consider extinct species. The developmental 
and life history changes behind this evolutionary pattern are a rich subject of investigation. 
This dissertation aims at investigating bone and tooth microstructure as markers of such 
changes. 
In chapters 1.7 and 2, the knowledge and methods on synapsid (modern mammals as 
well as extinct ancestors and close relatives) bone microstructure and palaeohistology were 
systematically reviewed. Potential future research fields and techniques were discussed. 
Synapsid bone shows a large variety of bone tissues: Woven-fibred bone (disorganised), 
parallel-fibred bone, lamellar bone (arranged in thin layers), and fibrolamellar bone (mixture 
of woven-fibred and parallel-fibred/lamellar bone). New bone histological data on two extant 
marsupial species and of several extinct mainland and island placental mammals are 
presented. The bone cortex of extant marsupials consists of mainly parallel-fibred bone with a 
varying orientation of vascular canals. Hippopotamus minor, an extinct dwarf island 
hippopotamid from the Late Pleistocene (~126 –12 kya) of Cyprus, shows fibrolamellar bone 
with a reticular (anastomosing) to plexiform (circumferential with radial connections) 
arrangement of vascular canals. Mikrotia magna, an extinct island rodent from the Late 
Miocene (~12–5 Mya) of Gargano, shows parallel-fibred primary bone with reticular 
vascularisation whereas another extinct island rodent, the dormouse Leithia sp. from the 
Pleistocene (~2.6-0.012 Mya) of Sicily, displays lamellar primary bone and a high amount of 
remodelling. The bone cortex of one continental and three island species of the extinct 
lagomorph Prolagus is characterised mainly by parallel-fibred primary bone with varying 
orientation of vascular canals. Paraceratherium sp. from the Late Oligocene (~28-23 Mya) of 
Turkey, the extinct giant rhinocerotoid, is represented by dense Haversian bone. 
Sinomegaceros yabei, the extinct Japanese giant deer from the Late Pleistocene, is 
characterised by high growth rates. Bone histological and skeletochronological (based on 
growth mark analysis) traits of sampled island mammals in comparison to mainland relatives 
suggest the presence of various modes of life history modifications on islands to depend on 
factors of island evolution such as island size, distance from mainland, time of evolution, 
climate, and phylogeny. 
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Deer (Cervidae) represent an ideal case study for exploring body size and life history 
evolution, as they are characterised by a rich fossil record, a generally well-known phylogeny, 
and exceptional examples of body size evolution. In chapter 3, the hard tissue histology of 
eight deer species, including the illustrative genus Candiacervus with two dwarfed 
morphotypes from the Pleistocene of Crete, and the extinct giant deer Megaloceros giganteus, 
both closely related to the recent fallow deer, Dama dama, was examined. Long bones of all 
deer species sampled mainly possess primary plexiform fibrolamellar bone indicating a 
comparable mode of growth. Dwarf Candiacervus are characterised by low absolute growth 
rates, Megaloceros giganteus by high rates, and Dama dama by intermediate to low ones. The 
small, basal deer from the Early Miocene (~23-16 Mya), Procervulus praelucidus, shows the 
lowest growth rates recorded. Growth rates as derived by Sander & Tückmantel (2003) 
plotted against the anteroposterior bone diameter as a proxy for body mass indicate three 
groups: A group showing low growth rates, including dwarf Candiacervus and Procervulus, 
an intermediate group with Capreolus capreolus (roe deer) and Muntiacus muntjak (Indian 
muntjac), and one with high growth rates including Megaloceros giganteus, Alces alces (elk), 
Cervus elaphus (red deer), and Dama dama. Dwarf Candiacervus and Procervulus 
praelucidus indicate late attainment of skeletal maturity. Two senile Megaloceros specimens 
revealed, after tooth cementum analysis, ages of 16 and 19 years whereas two old dwarf 
Candiacervus specimens gave ages of 12 and 18 years. In an allometric (in relation to body 
size) context, dwarf Candiacervus therefore had an extended lifespan compared to deer of 
similar body size. After comparison with other clades of mammals, it is concluded that 
various modes of skeletal tissue modification in evolution are linked with changes in size and 
life history that have occurred in parallel. 
In chapter 4, the histological dataset on cervids presented in chapter 3 was expanded. 
The long bone histology of the extinct “basal” deer Dicrocerus elegans and Euprox sp. from 
the Miocene (~23-5 Mya) was examined. Those species together with growth rates of the 
extinct Japanese giant deer, Sinomegaceros yabei, were included in the dataset of chapter 3 
and ancestral growth rates among cervids and their correlation with body size were estimated. 
Dicrocerus shows a relatively high growth rate for its body size and attainment of skeletal 
maturity after five years. The growth rate condition found in Procervulus and Euprox is 
different and documents diversity in life history evolution of Miocene cervids. 
Scaling of skeletal elements in relation to size is a fundamental question of biology. 
By broad sampling of a wide range of body sizes, previous examinations have discovered 
general principles. However, for understanding scaling patterns of bones, it is essential to 
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consider effects of confounding factors related to different lifestyles. In chapter 5, cervids, 
comprising various body sizes in contrast to a relatively uniform lifestyle, were 
comprehensively sampled and the mid-diaphyseal structure of their long bones was studied. 
Compactness parameters do not scale allometrically in cervid long bones. However, femoral 
cross-sectional shape scales positively allometric. This points towards greater directional 
bending rigidity in large-sized taxa. Relative cortical thickness (P) is more constrained in 
large-sized taxa. Therefore, it is concluded that tubular bones of large-sized terrestrial animals 
are more intensively selected for an energy-saving mid-diaphyseal structure since the P 
parameter is known to be centred around a mass-saving biomechanical optimum. 
 
Keywords: Mammals, Palaeohistology, Body size, Life history, Island evolution, Bone tissue, 
Cementum analysis, Cervids, Marsupialia, Rodentia, Prolagus, Hippopotamus, Deinogalerix, 
Paraceratherium 
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Zusammenfassung 
Seit bahnbrechenden Arbeiten in der Mitte des 19. Jahrhunderts hat unser Wissen über 
die Histologie von Hartgeweben stark zugenommen. Es ist gezeigt worden, dass knochen- 
und zahnhistologische Merkmale mit biologischen Grössen korrelieren und verlässliche 
Schätzungen von Wachstum und Lebenszyklusmustern innerhalb der Säugetiere liefern. Die 
Veränderlichkeit des Schlüsselmerkmals Körpergrösse innerhalb von Säugetiergruppen ist 
verbreitet, vor allem bei der Betrachtung ausgestorbener Arten. Die Entwicklungs- und 
Lebenszyklusveränderungen hinter diesem evolutionären Muster stellen ein umfassendes 
Forschungsgebiet dar. Diese Dissertation hat zum Ziel, die Mikrostruktur von Knochen und 
Zähnen als Anzeiger solcher Veränderungen zu untersuchen. 
In den Kapiteln 1.7 und 2 wurde bezüglich des gegenwärtigen Stands des Wissens und 
der Methodik zur Knochenmikrostruktur und Paläohistologie von Synapsiden (moderne 
Säugetiere sowie ausgestorbene Vorfahren und nahe Verwandte) Rückschau gehalten. 
Potentiell zukunftsträchtige Forschungsgebiete und Techniken wurden diskutiert. Der 
Knochen von Synapsiden zeigt eine grosse Vielfalt von Knochengeweben: Faserknochen 
(ungeordnet), parallelfaseriger Knochen, lamellärer Knochen (in dünnen Lagen angeordnet) 
und fibrolamellärer Knochen (Mischung aus Faserknochen und parallelfaserigem/lamellärem 
Knochen). Neue knochenhistologische Daten von zwei lebenden Beuteltierarten und 
mehreren ausgestorbenen Festland- und Inselsäugerarten werden präsentiert. Die 
Knochenrinde heute lebender Beuteltiere besteht hauptsächlich aus parallelfaserigem 
Knochen mit unterschiedlichen Orientierungen der Gefässkanäle. Hippopotamus minor, ein 
ausgestorbenes, verzwergtes Inselflusspferd aus dem Jungpleistozän (vor ca. 126000–12000 
Jahren), zeigt fibrolamellären Knochen mit einer retikulären (verflechtet) bis plexiformen 
(umlaufend mit radiären Verbindungen) Anordnung von Gefässkanälen. Mikrotia magna, ein 
ausgestorbenes Inselnagetier aus dem Obermiozän (vor ca. 12–5 Millionen Jahren) von 
Gargano, zeigt parallelfaserigen Knochen mit retikulärer Gefässversorgung während ein 
weiterer ausgestorbener Inselnager, der Bilch Leithia sp. aus dem Pleistozän (vor ca. 2.6-
0.012 Millionen Jahren) von Sizilien, lamellären Primärknochen und einen hohen Anteil an 
Knochenumbau zeigt. Die Knochenrinde von einer kontinentalen und drei Inselarten des 
ausgestorbenen Hasenartigen (Lagomorpha) Prolagus wird hauptsächlich durch 
parallelfaserigen Primärknochen mit unterschiedlicher Orientierung von Gefässkanälen 
charakterisiert. Paraceratherium sp. aus dem Oberoligozän (vor ca. 28-23 Millionen Jahren) 
der Türkei, der ausgestorbene, riesige Nashornartige (Rhinocerotoidea), wird in seiner 
Knochenrinde von dichtem Havers‘schem Knochen repräsentiert. Sinomegaceros yabei, der 
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ausgestorbene japanische Riesenhirsch aus dem Oberpleistozän, wird durch hohe 
Wachstumsraten charakterisiert. Knochenhistologische und skelettochronologische (basierend 
auf der Analyse der Wachstumsmarken) Merkmale der beprobten Inselsäugetiere im 
Vergleich mit deren Festlandsverwandten zeigen an, dass das Vorhandensein von 
unterschiedlichen Arten von Lebenszyklusveränderungen auf Inseln abhängig von 
inselevolutiven Faktoren wie Inselgrösse, Distanz zum Festland, Evolutionszeit, Klima, und 
Phylogenie (Stammesgeschichte) ist. 
Hirsche (Cervidae) stellen eine ideale Fallstudie dar um die Evolution von 
Körpergrösse und Lebenszyklus zu erforschen, da sie durch einen reichen Fossilbericht, eine 
generell wohlbekannte Phylogenie und aussergewöhnliche Beispiele von 
Körpergrössenevolution charakterisiert sind. In Kapitel 3 wurde die Hartgewebshistologie von 
acht Hirscharten einschliesslich der anschaulichen Gattung Candiacervus mit zwei 
verzwergten Morphotypen aus dem Pleistozän von Kreta, und des ausgestorbenen 
Riesenhirsches Megaloceros giganteus, beide nahe verwandt mit dem heute lebenden 
Damhirsch, Dama dama, untersucht. Langknochen aller beprobten Hirscharten besitzen 
hauptsächlich primären plexiformen, fibrolamellären Knochen, der eine vergleichbare Art zu 
wachsen anzeigt. Zwerg-Candiacervus sind durch niedrige, absolute Wachstumsraten 
charakterisiert, Megaloceros giganteus durch hohe und Dama dama durch mittlere bis 
niedrige Raten. Der kleine, “ursprüngliche” Hirsch aus dem Untermiozän (vor ca. 23-16 
Millionen Jahren), Procervulus praelucidus, zeigt die niedrigsten verzeichneten 
Wachstumsraten. Sander & Tückmantel (2003) folgende Wachstumsraten, aufgetragen gegen 
den anteroposterioren (vorne-hinten) Knochendurchmesser als ein Näherungswert für 
Körpermasse, zeigen drei Gruppen an: Eine Gruppe, die niedrige Wachstumsraten 
einschliesslich Zwerg-Candiacervus und Procervulus zeigt, eine mittlere Gruppe mit 
Capreolus capreolus (Reh) und Muntiacus muntjak (Indischer Muntjak), und eine mit hohen 
Raten einschliesslich Megaloceros giganteus, Alces alces (Elch), Cervus elaphus (Rothirsch), 
und Dama dama. Zwerg-Candiacervus und Procervulus zeigen ein spätes Erreichen der 
skelettalen Reife an. Zwei alte Megaloceros-Exemplare offenbarten nach einer 
Zahnzementanalyse Alter von 16 und 19 Jahren, während zwei alte Zwerg-Candiacervus-
Exemplare Alter von 12 und 18 Jahren anzeigten. In einem allometrischen (im Verhältnis zur 
Körpergrösse) Kontext hatten Zwerg-Candiacervus daher eine verlängerte Lebensspanne 
verglichen mit anderen Hirschen ähnlicher Körpergrösse. Nach dem Vergleich mit anderen 
Säugetiergruppen wird geschlussfolgert, dass verschiedene Arten von 
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Skelettgewebsveränderungen im Verlauf der Evolution mit Veränderungen der Grösse und 
des Lebenszyklus verbunden sind, welche sich parallel ereignet haben. 
In Kapitel 4 wurde der histologische Datensatz der Hirsche, welcher in Kapitel 3 
präsentiert wird, erweitert. Die Knochenhistologie der ausgestorbenen, ursprünglichen 
Hirsche Dicrocerus elegans und Euprox sp. aus dem Miozän (vor ca. 23-5 Millionen Jahren) 
wurde untersucht. Diese Arten, zusammen mit Wachstumsraten des ausgestorbenen 
japanischen Riesenhirsches, Sinomegaceros yabei, wurden in den Datensatz von Kapitel 3 
eingeschlossen und die ursprünglichen Wachstumsraten und deren Korrelation mit der 
Körpergrösse innerhalb der Hirsche wurden abgeschätzt. Dicrocerus zeigt relativ hohe 
Wachstumsraten für seine Körpergrösse und ein Erreichen der skelettalen Reife nach fünf 
Jahren. Die Beschaffenheit der Wachstumsrate in Procervulus und Euprox ist unterschiedlich 
und dokumentiert die Vielfältigkeit der Evolution des Lebenszyklus der miozänen Hirsche. 
Die Skalierung von Skelettelementen im Verhältnis zur Körpergrösse ist eine 
fundamentale Frage der Biologie. Durch die breite Beprobung einer weiten Spanne an 
Körpergrössen haben vorherige Untersuchungen allgemeine Prinzipien entdeckt. Jedoch um 
die Skalierungsmuster von Knochen zu verstehen, ist es wesentlich die Effekte von 
verfälschenden Einflüssen entsprechend unterschiedlicher Lebensweisen zu berücksichtigen. 
In Kapitel 5 wurden die Hirsche, welche verschiedene Körpergrössen im Gegensatz zu einer 
relativ einheitlichen Lebensweise zeigen, beprobt, und die Struktur des mittleren 
Knochenschaftes ihrer Langknochen wurde untersucht. Kompaktheitsparameter skalieren 
nicht allometrisch in Hirschlangknochen. Jedoch skaliert der Querschnittsdurchmesser der 
Oberschenkelknochen positiv allometrisch. Dies weist auf eine grössere gerichtete 
Biegefestigkeit in gross gewachsenen Taxa hin. Die relative Dicke der Knochenrinde (P) ist 
niedriger in gross gewachsenen Taxa. Daher wird geschlussfolgert, dass Röhrenknochen von 
gross gewachsenen Landtieren stärker nach energiesparenden Strukturen des mittleren 
Knochenschaftes selektiert werden, da der P-Parameter dafür bekannt ist, dass er um ein 
Masse einsparendes, biomechanisches Optimum zentriert ist. 
 
Schlüsselwörter: Säugetiere, Paläohistologie, Körpergrösse, Lebenszyklus, Inselevolution, 
Knochengewebe, Zementanalyse, Hirsche, Marsupialia, Rodentia, Prolagus, Hippopotamus, 
Deinogalerix, Paraceratherium 
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1 Introduction 
 
1.1 Body size and island evolution 
Body size is a key trait of organisms (e.g. Schmidt-Nielsen 1984, Bonner 2006). The 
fossil record presents spectacular examples of body size evolution, such as the largest insects 
(giant dragonflies of the Late Palaeozoic; Dudley 1998), the largest terrestrial animals ever, 
the sauropod dinosaurs (Sander et al. 2011), and the largest mammal that ever walked the 
earth, the rhinocerotoid Paraceratherium (Antoine et al. 2008). 
 Island settings present body size anomalies that are among the most spectacular 
phenomena in nature, including plants as well as animals (Lomolino 2010, 2012). Following 
island isolation, several lineages of mammals have evolved remarkable changes in body size 
(Foster 1964, Lomolino 1985, Lomolino et al. 2013), including among others dwarf 
hippopotamuses, elephants, deer (Figure 1), and giant rabbits (van der Geer et al. 2010). This 
phenomenon was already reported by Forsyth Major in 1902. Van Valen (1973) considered 
this pattern general enough to label it the “Island Rule”, which is now described as a graded 
trend from gigantism in small species to dwarfism in large species (Lomolino 1985, 2005), 
but exceptions have been documented (Meiri et al. 2008). Various authors have explored and 
reviewed this topic since then (e.g. Benton et al. 2010, van der Geer et al. 2010, van der Geer 
2014, Lomolino et al. 2012, 2013).  
 
Majorca 
Crete
Sicily 
† Hippopotamus creutzburgi 
PT: < 1.8 Ma 
† Myotragus balearicus 
PT: < 5.2 Ma 
 
 
† Candiacervus sp. II 
PT: < 0.5 Ma 
† Elephas falconeri 
PT: < 0.7 Ma 
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Figure 1: Islands (to scale) and examples of their Plio-Pleistocene dwarf mammals. Note the extreme 
long persistence time (PT) of the bovid Myotragus on Majorca in comparison to other island mammals 
such as Hippopotamus and Candiacervus from Crete and Elephas from Sicily (sources: Benton et al. 
2010, van der Geer et al. 2009, 2010, www.google.ch/maps). 
 
The degree of body size change decreases from species of extreme, ancestral 
(mainland) size to those of intermediate ancestral size, and has been accordingly called 
“graded” (Lomolino et al. 2012). Insular body size changes associated to the island rule 
potentially offer insights into essential factors driving biodiversity in general, i.e. mainland 
and island communities. As a consequence, not only causal explanations of island patterns but 
also those of body size evolution on the mainland can be explored. Although the optimum is 
predicted to vary with the bauplan and trophic strategy of the species studied, the body size of 
extant mammals on isolated islands converges on a relatively narrow range of intermediate 
sizes (about 100 to 500 g), and is therefore hypothesized to be optimal for mammals 
(Lomolino 2005, Lomolino et al. 2012). Ecological interactions seem to play a central role in 
driving body size diversification in lineages on the mainland over evolutionary time, in many 
cases following Cope’s rule (e.g. Alroy 1998, Kingsolver and Pfennig, 2004). Potentially fast 
reversals in this trend on islands seem not to be only related to isolation or limited area and 
resources, but also to their impoverished faunas (Millien 2006, Lomolino et al. 2012), i.e. 
ecological character displacement and character release (Simberloff et al. 2000, Grant and 
Grant 2006). This ecological release hypothesis predicts that the direction and magnitude of 
body size evolution, and the underlying selection forces should be dependent on the size and 
trophic strategies of both the species under study and those species with which they interact 
(Lomolino et al. 2012; Figure 2). Lomolino et al. (2012) discussed several other hypotheses 
on insular body size evolution to be complementary, as elaborated below. 
More isolated islands should be colonised by a subset of source populations biased in 
favour of the larger individuals and larger species since larger individuals should have greater 
physiological endurance and dispersal capacities. This theory is called the immigrant 
selection-thrifty genotype hypothesis (Figure 2) and predicts that the body size of insular 
populations of especially small species (more limited by dispersal distances) should increase 
with island isolation (Neel 1962, Bindon and Baker 1997, Lomolino 1985). The resource 
limitation hypothesis (Figure 2) predicts selection for smaller individuals on islands because 
resource requirements tend to increase with body size, whereas area and total productivity of 
islands are more limited, and densities of many island populations are higher. 
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Figure 2: The “Island Rule” and its effects. Selective forces (in rectangles), associated variables 
(below), and predicted effects (below the arrows) on islands (modified from Lomolino et al. 2012). 
 
For larger species, this selection should be most intense since their resource requirements are 
more likely to approach carrying capacities of the island studied. The influence of diet and 
habitat is expected to be high, i.e. smaller sizes in terrestrial carnivores than in herbivores, 
larger sizes in island species that feed on aquatic prey such as otters and bears (Lomolino et 
al. 2012). The most familiar ecogeographic rule is probably Bergmann’s rule (Bergmann, 
1847; Figure 2), stating that body size of mammals and other vertebrates increases with 
latitude, since larger mammals have an advantage in cold climates for more insulation 
(thermoregulation) and greater energy stores (endurance) (Calder 1974, McNab 2002).  
Within the compound interplay of variables influencing patterns of island evolution as 
described above, ecological release and/or resource limitation amplified by isolation time are 
discussed to be the main selective forces (Figure 2; Palkovacs 2003, Köhler et al. 2009, van 
der Geer et al. 2010, Lomolino et al. 2012, 2013). In line with Lomolino et al. (2012), 
McClain et al. (2013) found the island rule to be a complex phenomenon driven by interacting 
intrinsic and extrinsic mechanisms and that the pattern of size shifts reflects multiple 
processes.  
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1.2 Hard tissue palaeohistology – a tool for decipherment of life histories  
Palaeohistology of hard tissues is a powerful tool to understand the mechanisms of 
life-history and size evolution on islands. This is also the case for fossil mainland lineages 
displaying significant body size changes such as ‘dwarf ’ and ‘giant’ sauropod (Erickson et al. 
2001, Sander and Andrassy 2006, Sander et al. 2011) and tyrannosaurid (Erickson et al. 2004) 
dinosaurs, as well as early synapsids (Chinsamy-Turan 2012a, Huttenlocker and Botha-Brink 
2014).  
 Fossil mammalian bone microstructure can reveal life history traits and therefore 
inform about developmental schedules in extinct species (Padian and Lamm 2013). In 
general, mammalian bone exhibits high rates of tissue deposition in juveniles, whereas after 
onset of maturity a decrease in growth rate occurs, resulting in deposition of highly organised 
bone tissue (Garcia-Martinez et al. 2011, Chinsamy-Turan 2012b, Marin-Moratalla et al. 
2013). Counting lines of arrested growth (LAGs) provides the means to estimate minimum 
individual ages. Chapter 2 gives an extensive review on the current knowledge in the field of 
bone palaeohistology. 
Unlike bone, dental cementum usually lacks resorption and displays the more 
complete growth record. Therefore, it is a more accurate source for estimating individual ages 
and longevity in mammals (Klevezal 1996; as summarised and discussed in section 1.6 
below).  
 
1.3 Cervids – an ideal case study clade 
With 19 genera and 51 species (Grubb 2005) the Cervidae (cervids) are a diverse clade 
within the Cetartiodactyla. They first appear in the Early Miocene, reached North America in 
the Late Miocene and entered South America in the late Pliocene or Early Pleistocene (Janis 
and Scott 1987). Today, cervids are distributed worldwide and are found in a wide variety of 
habitats, from the arctic tundra to tropical forests (Groves 2007, Vaughan et al. 2015). 
The Cervidae are pecoran ruminants with paired frontal outgrowths consisting of a 
perennial proximal pedicle that carries temporary, distal and more or less regularly cast 
branched antlers (Janis and Scott 1987, Azanza et al. 2013). As typical faunal components, 
cervids are in general continuously documented in the fossil record and cover a rather uniform 
lifestyle but a wide range of body sizes, from ca. 10 kg for Pudu puda (Tacutu et al. 2013) to 
ca. 600 kg for Alces alces (Franzmann 1981). Spectacular cases of body size reduction on 
islands are documented within cervids (Lister 1989, van der Geer et al. 2010). Candiacervus, 
an endemic and extinct clade of deer, presents a remarkable example of island evolution in the 
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Pleistocene of Crete, including ‘dwarfed’ species which evolved from the megacerine clade 
(Megacerini) of partially giant forms (de Vos 1979, 1984, Vislobokova 2012, 2013; see 
chapter 3). Moreover, phylogenetic relationships of cervids are in general well resolved (e.g. 
Lister et al. 2005, Gilbert et al. 2006, Hassanin et al. 2012, see chapters 3 and 4). For their 
rich fossil record, the well-known phylogeny and exceptional examples of body size 
evolution, deer represent an ideal case study clade for exploring signals and mechanisms of 
body size and life history evolution as well as function.  
 
1.4 Aims and overview 
A major aim of evolutionary biology is to understand how organisms have changed in 
geological time and how natural selection operates. Palaeohistology is an important tool in 
this endeavour, as it provides data to decode the life history of fossil animals from conception 
to death (e.g. Ricqlès 1976a, Padian and Lamm 2013; see also chapter 2). Estimation of age 
and maturity, deciphering of developmental and growth patterns, as well as understanding of 
activity and reproductive cycles are the main goals of palaeohistology. By integrating data on 
extant and extinct mammals gained by histological studies, this dissertation aims at providing 
insights into growth and life history evolution of mainland and island species. 
During the last two decades, the interest in mammalian palaeohistology increased 
dramatically. Since the first recorded research efforts in this subject in 1849 (Quekett 1849a, 
b), it has been subsequently shown that mammalian bone consists of a large variety of bone 
tissues and vascularisation patterns which correlate with several biological variables such as 
age and growth rate (Ricqlès 1976a, Padian 2011). Chapter 2 systematically reviews the 
knowledge on cynodont and mammalian bone tissue and its applications. Potential future 
research fields are discussed. New data on extant marsupials and several extinct continental 
and island placental mammals are presented. It is suggested that various modes of bone 
histological modification and life history evolution on islands underlie factors such as island 
size, distance from mainland, and time of evolution. 
In chapter 3, body size and life history variation and underlying mechanisms within 
cervids are explored by methods of bone and dental histology. Dwarfed morphotypes of 
Candiacervus, i.e. C. ropalophorus and C. sp. II from the Pleistocene of Crete (de Vos 1979, 
1984) and the extinct giant deer Megaloceros giganteus, both in a clade together with recent 
Dama dama (Lister et al. 2005), constitute ideal case study taxa. Additionally, other mainland 
cervids are investigated, focusing on bone microstructure in growth series of various long 
bones and dental histology. Based on rest lines in tooth cementum of first molars of old 
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individuals, longevity estimates are made. The relation between body weight and bone growth 
rates, as attained by histological analysis for studying growth patterns across cervids and for 
putting life history data into an allometric context, is investigated. Similar patterns of bone 
tissue and vascularisation, and therefore a comparable mode of growth across the eight deer 
species examined, are discovered. Dwarf Candiacervus are characterised by low absolute 
growth rates whereas Megaloceros giganteus displays high rates. The Miocene small stem 
cervid Procervulus praelucidus shows the lowest rates recorded. In an allometric context, 
Candiacervus indicates an extended lifespan compared to deer of similar body size. 
Therefore, it is concluded that changes in size and life history have occurred in parallel in 
evolution, with various modes of skeletal tissue modification. 
In chapter 4, the bone histology and life history of further stem cervids, i.e. Dicrocerus 
elegans (Azanza 1993) and Euprox sp. (Gentry et al. 1999) from the Miocene of Europe and 
those of Sinomegaceros yabei from the Pleistocene of Japan (Vislobokova 2013) are 
investigated. These taxa are included within the dataset of chapter 3 and diversity in life 
history traits of Miocene cervids is found. The bone cortex of Dicrocerus indicates a 
relatively high growth rate in relation to its body size therefore presenting a different 
condition than observed in Procervulus and Euprox.  
An essential question in biology is how bone scales to body size. General principles of 
bone scaling have been discovered in the past by studying a wide range of body sizes (e.g. 
Alexander et al. 1979, Houssaye et al. 2016). It is essential however, to understand the factors 
influencing the scaling of bones in relation to different lifestyles. Cervids comprise various 
body sizes but a relatively uniform lifestyle (Geist 1998). Chapter 5 comprehensively explores 
the cervid mid-diaphyseal structure of long bones and finds that bone compactness does not 
scale with allometry. However, the relative thickness of the cortex (P), an indicator of a mass-
saving biomechanical optimum, is found to be more constrained in large-sized cervids. 
Therefore, it is concluded that tubular bones of large-sized terrestrial animals are more 
intensively selected for an energy saving mid-diaphyseal structure. Moreover, femoral cross-
sectional shape scales positively allometric pointing towards greater directional bending 
rigidity in large-sized taxa. 
Additional publications representing an area of my research work that is 
methodologically related to the main chapters of this thesis are appended to this dissertation. 
They discuss the bone histology and its palaeobiological implications of a group of extinct 
marine reptiles, the ichthyosaurs. With their strongly re-shaped body outline including 
numerous adaptations to a marine lifestyle, the Ichthyosauria were a group of Mesozoic 
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(Early Triassic – Late Cretaceous) reptiles lacking any modern descendants. Since 
ichthyosaur fossils occur in excellent preservation worldwide and in abundance, they offer 
unique opportunities to get insights into the palaeobiology of a long extinct and specialised 
group of reptiles (Sander 2000a). In appendix 1, a bone histological examination of an 
ontogenetic series of the basal ichthyosaur Mixosaurus is performed for the first time. Growth 
marks and periosteal fibrolamellar bone indicating high growth rates are found, and that 
small, Triassic ichthyosaurs already had relatively high metabolic rates, as had been suggested 
for post-Triassic, derived forms (Buffrénil and Mazin 1990; Motani 2010). 
Ichthyosaurs display a wide range of morphologies illustrating diverse marine 
ecological grades (McGowan and Motani 2003). The anatomical diversity found in 
ichthyosaurs is expected to match the histological characteristics in their long bones and 
provide information on locomotor abilities and physiology. In appendix 2, bone histological 
traits in stylopod bones of various ichthyosaur taxa are analysed. The finds confirm the 
previous assumptions of high growth rates in ichthyosaurs. Moreover, the occurrence of two 
remodelling types is described for the first time. Questions about definitions of 
microanatomical specialisations are raised and the difficulties in determining their occurrence 
within ichthyosaurs are demonstrated. 
 
1.5 Thesis outline 
In this thesis I present all chapters subsequent to chapter 1 as fully-formatted and published in 
peer-reviewed journals (chapters to 2 to 4, and appendix 1 and 2) or in manuscript form 
(chapter 5). Authors, publication details, and author contributions are provided at the 
beginning of each chapter whereas supplementary material is provided at the end of each 
chapter. The following sections lead towards the main chapters of the thesis by addressing 
new methodological aspects of palaeohistology (1.6) and by reviewing the current knowledge 
on the bone histology of basal synapsids (1.7). 
 
1.6 Excursion: Dental histology in fossil mammals – A method for visualising growth 
marks in cementum  
The histology of teeth provides useful data to investigate patterns and mechanisms of 
life history evolution (Klevezal 1996). In general, three recording structures are present in 
recent and fossil tetrapod teeth: enamel, dentin, and cementum (Klevezal 1996, Ungar 2010).  
The existing dental tissues differ in chemistry, morphology, and function (Hillson 
2005). Klevezal (1996) emphasised the importance of bones but especially teeth as 
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histological recording structures in mammals. Unlike enamel and dentin, root cementum 
(Figure 3) continues deposition during the whole life of an individual due to compensation of 
crown wear and is promoting the fixation of a tooth in its alveolus. Since cementum, both 
acellular and cellular, is formed by cells (cementoblasts) which cover the root from the 
outside, layers formed later are closer to the outer part of the root. Cellular as well as acellular 
cementum is divided into strongly mineralised layers called rest or incremental lines. 
 
Figure 3: Diagram of a human cheek tooth (longitudinal cross section). Red rectangle: Interroot pad 
of cementum (modified from www.studiodentaire.com). 
 
Tooth cementum as a recording structure offers a life long period of registration and 
persistence of the growth record. Therefore it is considered as being the most accurate method 
for age determination in mammals, becoming an essential tool for biological sciences as well 
as domestic lifestock and wildlife management serving to understand mammal populations in 
terms of life span, mortality, herd growth, and reaction to ecological factors (see Klevezal 
1996 for an overview). Applications of this have been made for example in humans (e.g. 
Meinl et al. 2008), bears (e.g. Mundy and Fuller, 1964, Willey 1974), and ruminants (Low 
and Cowan 1963; Reimers and Nordby 1968; Lundervold et al. 2003; Rolandsen et al. 2008). 
In 1992, Liebermann and Meadow reviewed the current knowledge of development, histology 
and function of cementum in connection to incremental line formation in Gazella gazella. 
Aitken (1975) (Capreolus capreolus), Ohtaishi et al. (1990) (Cervus albirostris), and Azorit et 
al. (2003) (Cervus elaphus) determined absolute ages by cementum analysis and correlated 
CHAPTER 1: INTRODUCTION 
- 24 - 
them with tooth wear stages. In dental cementum of red deer (Cervus elaphus hispanicus), 
Azorit et al. (2002a) showed that two growth marks are formed per year – a wide mark during 
spring-summer, called the growth layer, and a thin rest line resulting from decreased growth 
rate in winter. Therefore, the sequence and appearance of growth layers is regular and 
seasonal. Azorit et al. (2004) assessed the age at which the first growth layer and the first rest 
line appear in cementum of incisors, molars, and canines in the Spanish red deer. Moreover, 
they explained how to interpret growth marks in cementum for age determination. The lower 
first molar is the first permanent tooth to erupt showing the most complete growth record. The 
first rest line in the lower first molar is deposited at an age of 6 months.  
The value of cementum analysis is widely acknowledged in archaeozoology (e.g. 
Saxon & Higham 1969, Spiess 1976, Burke & Castanet 1995) although tooth cementum is 
potentially poorly or only incompletely preserved in fossil specimens (Figure 4). 
 
Figure 4: Polished longitudinal section additionally wetted with glycerine of an upper molar of an 
undetermined Late Miocene macraucheniid South American ungulate. Please note that in the 
cementum, rest lines were probably obliterated by permineralisation/recrystallisation processes. 
Yellow brackets mark observable upper (cementum-dentin junction) and lower margins of the 
cementum pad. (Photo: E. Amson) 
 
Determination of individual ages by cementum analysis is a powerful tool of palaeontology 
for deciphering the biology and life history of extinct mammals. Debeljak (1996) introduced a 
technique for cementum analysis in fossil cave bears. By etching ground tooth roots with 15-
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25% phosphoric acid and staining with gentianae violet, rest lines in cementum became 
clearly visible. Jordana et al. (2012) determined 27 years as potential lifespan (longevity) in 
the island bovid Myotragus balearicus from the Balearic Islands by cementum analysis using 
standard thin sectioning techniques. Aaris-Sorensen & Liljegren (2004) determined an 
individual age of 23 years for a specimen of the giant deer Megaloceros giganteus. Chritz et 
al. (2009) addressed questions of life history seasonality and successfully applied cementum 
analysis for Megaloceros. Their data indicated that ages of individuals ranged from 6.5 to 14 
years. Molars were sectioned across lophs by Chritz et al. using a diamond-tipped saw and 
were then waterpolished to expose the cementum pad below the crown of each tooth. Polished 
pieces were observed under a light-reflecting dissecting microscope and annuli (growth 
layers) were counted by eye. 
For the thesis presented here, cementum analysis was applied in several fossil cervid 
species. Here, I present a protocol and recommendations about a time-saving combination of 
known palaeohistological methods also applicable to other groups of fossil mammals such as 
macrauchenid South American ungulates (Figures 4, 6). Debeljak (1996) used phosphoric 
acid and staining in fossil specimens for achieving high visibility of cementum lines, I applied 
fine polishing for that purpose.  
First, it was essential to choose tooth and cutting plane as expected to present the most 
complete growth record and distinctness of rest lines. Cervid specimens sampled for the 
current study, were longitudinally cut through the interroot cementum pad of the lower first 
molar (Figure 5, Figure 8 of chapter 3; Azorit et al. 2002b). First, teeth and the upper 
mandibular areas were coated with one layer of Araldite® (XW 396 and Hardener XW 397). 
After drying of the first layer (24 hours) the lower mandibular area was coated as well with 
Araldite®. For the drying process, specimens were mounted in plasticine. In case specimens 
were stable enough, cutting with a diamond-tipped saw as next step was performed (the finer 
the sawing blade used, the lower the loss of material). Otherwise the mandible was coated 
with Technovit® (Powder 5071 and Universal Liquid) without covering the lower area of the 
teeth in order to make identification of the right cutting plane possible. In case suitable for 
reasons of time and/or method, the second layer of Araldite® can be substituted by a layer of 
Technovit® (Figure 5). Technovit® can in turn be substituted by thermoplastic (Friendly 
Plastic®) and is especially useful for collection visits with a lack of time and in absence of a 
fume hood (see below). Thermoplastic can be repeatedly melted with hot water (ideally 
around 60 ˚C) or a hairdryer, as it melts and hardens very fast. 
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Figure 5: Longitudinal cut of lower mandible/first molar of Megaloceros giganteus (PIMUZ A/V 
2235). A) Lingual view of the anterior part of the left mandible. B) View on the polished 
mandibular/dental surface. Araldite® (transparent) and Technovit® (green) coating and additional 
embedding of cutting surface. The cementum area was polished to a grain size of 8000. 
 
In case preservation of specimens was stable enough (most cases), the cementum area 
could be directly polished under use of water with polishing papers ideally in the following 
order (from rough to fine): 240, 400, 600, 1500, 1800, 4000, 8000 and higher if required. In 
case of brittle preservation, cutting surfaces had to be impregnated with Araldite® 2020.  
 Finally, cementum analysis was performed with a light-reflecting binocular 
microscope under usage of different light conditions for identification of rest lines. A Leica 
DFC 420 ◦C digital camera was used for taking micrographs. In cases of inhomogeneous 
preservation of specimens and mobilisation of hard particles during the grinding and polishing 
process, it can be difficult to achieve the desired polishing effect. In those cases the use of 
glycerine helps detecting rest lines in cementum (Figures 4, 6). 
 
Figure 6: The glycerine effect. Polished longitudinal section of the upper first molar of the Early 
Miocene macraucheniid Theosodon garrettorum (PIMUZ A/V 4662) photographed without (A) and 
with (B) the use of glycerine. Please note that in (B) rest lines (white arrows) within the cementum are 
visible. 
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1.7 Bone histology of non-cynodont synapsids – a review 
The following sections synthesise the current knowledge on the bone histology of 
major groups of early synapsids and lead the reader towards chapter 2. Comments of the 
reviewers of the original submission to the journal were addressed, see acknowledgements in 
chapter 2. 
Non-therapsid synapsids- More than 320 Myr ago during the Carboniferous, reptilian-
grade amniotes and synapsids, the lineage leading to mammals including “basal” forms such 
as edaphosaurids and sphenacodontids (Figure 7), diverged (Huttenlocker and Rega 2012). 
Because of their phylogenetic position, the understanding of the evolution and structure of 
their skeleton is essential, since the anamniote-amniote transition was accompanied by the 
transition from a mainly amphibious to a terrestrial biomechanical regime and life cycle 
(Romer 1957, 1958, Germain and Laurin 2005). In order to decipher essential life history 
parameters and especially thermophysiology in basal synapsids, several authors studied the 
microstructure of their long bones and neural spines comparing them to extant mammals and 
birds (Enlow and Brown 1957, Enlow and Brown 1958, Peabody 1961, Warren 1963, Ricqlès 
1974a, Ricqlès 1976a, Bennett & Ruben 1986, see also Huttenlocker and Rega 2012). Cyclic 
and regularly lamellated (“lamellar-zonal”) bone tissues in early edaphosaurids and 
sphenacodontids revealed similarity in bone tissue type to extant reptiles and amphibians 
(Ricqlès 1974a, b, Ricqlès 1976a, Enlow 1969). Huttenlocker (2008) noted bone histological 
differences between sphenacodontids and edaphosaurids. Sphenacodontids show fibrolamellar 
(see also Shelton et al. 2013) or parallel-fibred bone, whereas edaphosaurids are mainly 
characterised by lamellar-zonal bone. In conclusion, “basal” synapsids display a histological 
organisation that is suggestive of representing the whole range of slow to fast growth 
(Huttenlocker and Rega 2012; Shelton et al. 2013). Peabody (1961) and Warren (1963) 
showed the occurrence and skeletochronological relevance of growth marks in Palaeozoic 
synapsids, while Ricqlès (1969, 1972, 1974a, 1974b, 1975, 1976a, 1976b) studied several 
basal synapsid taxa in a series of publications. Vickaryous and Sire (2009) reviewed the 
integumentary skeleton of tetrapods and mentioned varanopid osteoderms to have a block-like 
morphology, organised into multiple transverse rows in the cervical and pectoral regions. 
They described synapsid osteoderms to consist of parallel-fibred or lamellar bone with limited 
amounts of unmineralised fibrous connective tissue. Bone compactness profiles are used in 
more recent publications to infer habitat and ecology (e.g. Germain and Laurin 2005, Kriloff 
et al. 2008). Growth and mechanics of unusual skeletal structures are discussed by Rega et al. 
(2005), Huttenlocker et al. (2010), and Huttenlocker et al. (2011). 
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Figure 7: Phylogeny of major synapsid clades focussing on groups discussed, based on Rubidge & 
Sidor (2001), Benson (2012), and Brink & Reisz (2014). 
 
Laurin and Buffrénil (2015) studied the histology and compactness of ophiacodontid bone 
tissue. Clepsydrops collettii, a Late Carboniferous ophiacodontid, displayed a thin, compact 
cortex lacking a medullary spongiosa, therefore suggesting a terrestrial lifestyle. An 
optimisation of inferred lifestyle of other early stegocephalians (based on bone 
microanatomy) indicated that the first amniotes were terrestrial. The Early Permian 
Ophiacodon uniformis showed a thicker cortex with few resorption cavities and bone 
trabeculae surrounding the free medullary cavity, thus indicating a possibly secondary 
amphibious lifestyle. Shelton and Sander (2015) showed the existence of highly vascularised 
fibrolamellar bone in Ophiacodon by sampling an ontogenetic series of humeri and additional 
femora, and therefore providing evidence for fast skeletal growth. Hence, they suggested to 
set the evolutionary origin of modern mammalian endothermy and high skeletal growth rates 
back to the Early Permian. 
Dicynodontia – A large amount of studies on therapsid histology deals with 
dicynodont long bones, cranial bones, and ribs. Early work on the bone histology of several 
dicynodont genera has been performed by Nopcsa and Heidsieck (1933), Gross (1934), Enlow 
and Brown (1957), Enlow (1969), Ricqlès (1972, 1975, 1976a). More recent work contributed 
essentially to a better understanding of general dicynodont histology, containing studies on 
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isolated bones of several individuals, several skeletal elements of one individual or 
dicynodont biomechanics (e.g. Chinsamy and Rubidge 1993, Ray and Chinsamy 2004, Ray et 
al. 2005, Green et al. 2010, Ray et al. 2010, Botha-Brink and Angielczyk 2010, Jasinoski et 
al. 2010a, Jasinoski et al. 2010b, Green 2012, Nasterlack et al. 2012, Ray et al. 2012). All 
authors agree on the fact that dicynodonts share primary bone tissue that consists of mainly 
fibrolamellar bone with a plexiform to laminar arrangement of vascular canals, suggesting 
overall fast rates of growth and metabolism high metabolic demands. Uninterrupted 
fibrolamellar bone in early ontogenetic stages and annuli, as well as LAGs only appearing 
during later stages of ontogeny (50 % of adult size), characterise several dicynodont taxa (Ray 
and Chinsamy 2004, Botha-Brink and Angielczyk 2010; see also Ray et al. 2012). The 
occurrence of parallel-fibred bone in the periphery of the cortex indicates a decrease in 
growth rate suggesting onset of reproductive maturity (e.g. Castanet and Baez 1991, Sander 
2000b, Chinsamy-Turan 2012b). Peripheral rest lines in a few genera suggest asymptotic 
growth (Green et al. 2010). For some taxa it was possible to determine ontogenetic stages by 
bone histological features (Ray and Chinsamy 2004, Ray et al. 2005, Ray et al. 2010). Most 
dicynodonts are characterised by a thick bone cortex independent of body size suggesting a 
fossorial life style or digging habits (Botha-Brink and Angielczyk 2010), whereas the life 
style of some taxa remains unclear (Germain and Laurin 2005, Ray et al. 2010, Nasterlack et 
al. 2012). 
Gorgonopsia and Therocephalia – Compared to other non-mammalian synapsids see 
above and chapter 2), sampling of the Middle to Late Permian carnivorous gorgonopsians and 
the Permotriassic therocephalians has been more limited (Ray et al. 2004, Chinsamy-Turan 
and Ray 2012, Sigurdsen et al. 2012, Huttenlocker and Botha-Brink 2013, Huttenlocker and 
Botha-Brink 2014). The earliest contributions on gorgonopsian and therocephalian bone 
histology were performed by Ricqlès (1969, 1975, 1978). He found fibrolamellar bone in two 
therocephalian species and in the long bones of five gorgonopsian taxa with partially thick 
compacta and mainly longitudinal vascularisation. The histological traits found suggested 
differential growth rates between a basal therocephalian from the Middle Permian of South 
Africa and a more derived Late Permian whaitsiid therocephalian. Because of comparatively 
higher vascularisation in the radius of the whaitsiid, Ricqlès (1969) suggested that 
therocephalians might have grown at higher rates later in their phylogeny. Recently, 
Huttenlocker and Botha-Brink (2014) performed a phylogenetic survey of limb bone 
histology in therocephalians from the Middle Permian through the Middle Triassic of the 
Karoo Basin, South Africa. They sampled eighty limb bones representing eleven genera of 
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therocephalians using skeletal growth, including cortical vascularity and mean primary osteon 
diameters as histological indicators, and assessed for correlations with other biologically 
significant variables (e.g. size and robustness). Smaller-bodied descendants tended to have 
lower vascularity than their phylogenetically larger-bodied ancestors. Bone wall thickness 
tended to be high in early therocephalians and lower in gracile-limbed baurioid 
therocephalians. However, clade-level patterns deviated from previously studied within-
lineage patterns (e.g. Moschorhinus displayed higher vascularity in the Triassic than in the 
Permian despite its smaller size). Therefore, Huttenlocker and Botha-Brink (2014) argued for 
a synergistic model of size reductions for Triassic therocephalians, influenced by within-
lineage heterochronic shifts in survivor taxa and phylogenetically inferred survival of small-
bodied taxa that had evolved short growth durations. 
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Additional file 1: Includes Table S1, additional discussion on individual age estimates and 
growth rates, additional information on methods used in this study, additional references, and 
Figure S1. 
 
Additional file 2: Primary data for growth rate analysis: Growth zone measurements, mean 
species growth rates, average species growth rates, bone diameter, OCL thickness, and 
number of non-OCL lines of arrested growth (for growth rates sensu Sander & Tückmantel). 
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- Estimations of relative position of each thin-section, using Muntiacus muntjak (ZIUK 7994) 
as basis for the cross-multiplications. 
 
- Nexus file containing the timetree of the sampled cervids and associated data on their 
growth rates and femoral anteroposterior diameter (proxy for body size) is available  
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Nexus file containing the timetree of the sampled cervids and associated data on their 
growth rates and femoral anteroposterior diameter (proxy for body size). 
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http://www.sciencedirect.com/science/article/pii/S1631068315001244 
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ABSTRACT 
 How skeletal elements scale to size is a fundamental question in biology. Previous 
examinations have discovered general principles, using a broad sampling to encompass a wide 
range of body sizes. But to discover the scaling of bones it is necessary to consider the effect 
of confounding factors related to different lifestyles. Here, we study the mid-diaphyseal 
structure of limb long bones, focusing our comprehensive sampling on a mammalian clade 
that comprises various body sizes but a relatively uniform lifestyle, the Cervidae. None of the 
compactness parameters scaled allometrically in any of their bones. Positive allometry was 
found in femoral cross-sectional shape, indicating greater directional bending rigidity in large-
sized taxa. Furthermore, the relative cortical thickness (P parameter) is more constrained in 
large-sized taxa. The values of this parameter being centred around a mass-saving 
biomechanical optimum, tubular bones of large-sized terrestrial animals are more intensively 
selected for an energy-saving mid-diaphyseal structure. 
 
Keywords: Allometry; bone compactness; Cervidae; cortical thickness; cross-sectional shape; 
long bone. 
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INTRODUCTION 
 Body size being one of the most influential parameters over the physiology and 
morphology of organisms, allometric studies have taken a central part in biology 
(Klingenberg, 1998). More particularly, in terrestrial vertebrates, an array of studies tackles 
the structure of the main supporting structures, i.e., long bones. These studies notably focused 
on bone general proportions (Alexander et al., 1979), curvature (Bertram and Biewener, 
1992), cross-sectional geometry at mid-diaphysis (Currey and Alexander, 1985), and, more 
recently, architecture of the epiphyseal trabeculae (Doube et al., 2011; Swartz et al., 1998) 
and bone compactness parameters (Houssaye et al., 2016). These examples use extensive 
samplings of amniotes and are able to propose scaling patterns throughout broad groups. 
While the parameters used in those studies were shown to scale either isometrically or 
allometrically to body size, it was also emphasized that the animals’ locomotor limb posture 
was of great importance to maintain viable locomotor stresses (Biewener, 1989).  
 Here we restrict our sample to deer, the Cervidae. In choosing this clade that comprises 
a wide range of body sizes [ca. 10 kg for Pudu puda (Molina, 1782), the Pudu (Tacutu et al., 
2013), and up to ca. 600 kg for Alces alces (Linnaeus, 1758), the Elk (Franzmann, 1981)] but 
uniform lifestyle, we endeavour to control for potential functional adaptations that are known 
to correlate with bone microstructure and cross-sectional geometry of amniotes with different 
lifestyles, posture,and behaviour (e.g., Bertram and Biewener, 1992; Biknevicius, 1993; 
Houssaye et al., 2016; Meier et al., 2013; Quemeneur et al., 2013). In addition, the well-
resolved phylogenetic relationships, rich fossil record and dates of origins within cervids 
allow taking into account phylogeny in our statistical approach.We are consequently able to 
propose a test for the presence of a relationship of body size itself with bone inner structure. 
 
MATERIAL AND METHODS 
Section acquisition 
 All five tribes and most widely recognized extant genera of cervids were sampled. We 
sampled the femur, tibia, humerus, and radius of skeletally mature individuals. Extinct taxa 
were sampled as well, bringing the number of species sampled to 25 and the number of 
elements sampled to 93 (Table S1). No method was used to define sample size a priori. Mid-
diaphyseal cross-sections were acquired either by conventional thin-sectioning (Padian and 
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Lamm, 2013), or CT-scanning (UniversitätsSpital Zürich, Siemens SOMATOM Force, planar 
resolution of 0.098-0.480 mm depending on the size of the specimen). In the latter case, and 
for each bone, a raw DICOM stack was imported in the Fiji package (Schindelin et al., 2012) 
with the Bio-formats plugin (Linkert et al., 2010) and reoriented (using successive re-slicings) 
in order to obtain a transverse cross-section at mid-diaphysis.The sections were then binarized 
with Photoshop®.The maximum diameter of the sections were used as body size proxies 
(Quemeneur et al., 2013). 
 
Bone compactness parameters 
 In order to study bone inner structure, we used Bone Profiler 4.5.8 (Girondot and 
Laurin, 2003). This program characterizes cross-sections measuring values of long-studied 
parameters (global compactness, relative cortical thickness; see below), as well as new ones. 
The global compactness of a section (GC, or bone fraction) is simply obtained measuring the 
area occupied by bone and dividing it by the whole sectional area. Bone Profiler also captures 
other parameters related to bone internal structure indefining a compactness profile. By using 
a mean value calculated splitting the section in 51 zones and excluding outlying values 
(Girondot and Laurin, 2003), Bone Profiler is able to give for each parameter a representative 
value based on the whole cross-section. Furthermore, sections missing small fragments can be 
used as well. The compactness profile is computed as a sigmoidal function C, which gives the 
compactness according to d the distance from the centre (Girondot and Laurin, 2003): 
 
where the compactness parameters are S, the reciprocal of the slope at the point of inflexion, 
P, the position of the curve inflection point on the x-axis, which is the distance to the 
centre,and Min and Max,the minimum and maximum asymptotes of the curve, respectively 
(Fig. 1). The S parameter reflects the relative width of the transition zone between the medulla 
and the cortical regions. P reflects the position of the transition area between the medulla and 
the cortex. P is exactly the same as the classical K parameter, i.e., the ratio between the radius 
of the whole bone and the medullary cavity thickness, defined by Currey and Alexander 
(1985), and used in numerous later studies (e.g., Bernáth et al., 2004; Demes et al., 1991; 
Margerie et al., 2005). The R/tparameter (Currey and Alexander, 1985), the ratio between the 
radius of the whole bone and the cortical thickness, has a proportional relationship with K and 
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hence with P as well. Min and Max reflect the compactness at the centre and periphery, 
respectively. 
 
Figure 1. Bone compactness parameters of a mid-diaphyseal section of the tibia of the extinct 
Cretan deer (Candiacervus ropalophorus, PIMUZ A/V 5188). (A) Binarized section (black 
represents bone, and white the vacuities). Note the classical tubular structure consisting in a free 
medullary cavity and a compact cortex. (B) Compactness profile, a sigmoidal function describing the 
compactness along the radius of the bone section. In this example, the compactness parameters have 
the following values: S = 0.017; P = 0.35; Min = 0; Max = 1. 
 
Section geometry 
 As second moment area provides an approximation of bending rigidity (Ruff et al., 
2006), another relevant parameter for our study is the cross-sectional shape (CSS, or 
circularity index).We used the BoneJ plugin (Doube et al., 2010) of the Fiji package 
(Schindelin et al., 2012) to measure the second moment of areas of the section around its 
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major and minor axes, respectively Imax and Imin. CSS is the ratio of Imax over Imin, and 
has therefore no dimension. 
 
Statistical analyses 
 In order to test for the presence of a significant phylogenetic signal, a timetree (a 
phylogenetic tree calibrated in time) was built (Fig.2) using a published one (Amson et al., 
2015) augmented with several taxa according to published phylogeny and dates of origin of 
the clades (Hassanin et al., 2012; Vislobokova, 2013).  
 
Figure 2. Timetree of the cervids sampled for the present study. The tree was elaborated with 
Mesquite 3.02 (Maddison and Maddison, 2011) and its Stratigraphic Tools module (Josse et al., 2006). 
 
Nexus files containing the timetrees and matrices of bone compactness parameters and CSS 
(with in each case the associated bone maximum diameters) are given as SOM 1 and 2, 
respectively. Tests for the presence of a phylogenetic signal in the different parameters were 
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performed using Mesquite 3.02 (Maddison and Maddison, 2011). According to previously 
published procedure (Laurin, 2004; Quemeneur et al., 2013), they consist in the comparison 
of the squared length of the reconstructed parameter to those of 10000 trees in which the 
terminal taxa were randomly reshuffled. The p-value of each test will be the number of trees 
shorter than the initial tree divided by 10000.As the CSS parameter can only be determined 
for complete sections, the tests for this parameter and the corresponding bone maximum 
diameters (used as a body size proxy) were performed with sub-trees excluding the 
fragmentary specimens.Phylogenetically uninformed tests were performed with Past 3.04 
(Hammer et al., 2001). 
 
RESULTS AND DISCUSSION 
 All the bones sampled exhibit the classical tubular structure of terrestrial vertebrates, 
i.e., a free medullary cavity and a compact cortex (Fig. 1). The P parameter will therefore 
reflect the relative position of the inner limit of the cortex. Furthermore, the compactness at 
the centre, Min, will be close to zero, and the compactness at the periphery, Max, close to one. 
This is what is essentially featured by the parameters of all taxa. Because the spongiosa is 
virtually absent in the mid-diaphyseal region, the S parameter is close to zero in all taxa as 
well. For this reason, among bone compactness parameters, only the P parameter and GC are 
substantially variable in cervids, and will be further discussed. All the values of bone 
compactness parameters and section geometry parameters are given in SOM 3 and SOM 4, 
respectively. 
 We have tested for the presence of a phylogenetic signal in the maximum diameter 
(used as a body size proxy; for both the bone compactness parameter and section geometry 
datasets), P parameter, GC, and CSS of each of the bones studied. None of the tests concluded 
in the presence of a significant phylogenetic signal, except for the maximum diameter of the 
radius in the test on a sub-tree for the available CSS data (Tables S2, S3). This justifies the 
use of phylogenetically uninformed tests. 
 Cervids display quiet disparate values of the P parameter, ranging from 0.33 (two thirds 
of the sectional area is occupied by the cortex) to 0.73 (roughly one fourth of the sectional 
area is occupied by the cortex). None of the bones feature significant allometric scaling of 
their P parameter with the maximum diameter, used as the body size proxy (phylogenetically 
uninformed regressions, p-values > 0.05). Since there is no significant difference of the 
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maximum diameter among the different bones (Kruskal-Wallis test, p-value > 0.8), all the 
values of the P parameter measured were grouped and plotted against the maximum diameter 
in order to describe the whole disparity of the cortical thickness within the Cervidae (Fig.3). 
Again, no significant allometric scaling can be found in the whole dataset. However, there is a 
decrease of the disparity in the large-sized cervids when compared to the smaller ones. This is 
shown by a comparison of the variances between two groups formed by the small-bodied half 
and the large-bodied half of the dataset. Of 0.011 and 0.005 respectively, the variances of the 
two groups are significantly different (Levene’s test, p-value = 0.004 < Holm–Bonferroni six 
tests adjusted p-value0.05 =0.008). However, the means of these groups, of 0.554 and 0.599 
respectively, are not significantly different (Mann-Whitney U test, p-value = 0.064), the mean 
of the whole dataset being 0.577. A noteworthy large-bodied taxon outlying in having high 
values of P is Alces, the Elk (confirmed by the inclusion of two specimens, representing five 
bones; Fig. 3).In other words, it displays long bones with relatively thin cortices. 
 
Figure 3. Relative cortical thickness (P = K parameter) plotted against the maximum diameter 
(body size proxy). The small-bodied half of the dataset is in black (n = 46), the large-bodied half is in 
grey (n = 47). The variances of the two groups are significantly different (Levene’s test, p-value = 
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0.004). The data points of Alces (the Elk), a notable outlier, are figured as diamonds. Three examples 
of mid-diaphyseal cross-sections are shown to scale near their corresponding data points. 
 
 The GC values range from 0.47 to 0.88. As for the P parameter, none of the bones taken 
individually or the whole dataset feature significant allometric scaling of the GC with the 
maximum bone diameter (phylogenetically uninformed regressions, p-values > 0.05). 
Similarly, the small-bodied half of the dataset features a greater disparity (variance = 0.012) 
than the large-bodied half (variance = 0.007). However, the difference is not statistically 
significant (Levene’s test, p-value = 0.052). 
 The mid-diaphyseal CSS varies from 1.04 (almost perfectly annular section) to 4.22 
(strongly elliptical section). The CSS of the tibia, humerus, and radius were not found as 
significantly scaling to body size (phylogenetically uninformed regressions, p-values > 0.05). 
However, the CSS of the femur displays a small but significant positive correlation to body 
size (log-transformed values to comply to normality test, p-value < 0.001< Holm–Bonferroni 
12 tests adjusted p-value0.05 = 0.004). The slope of the regression is significantly different 
from zero (the expected coefficient denoting isometry for a dimensionless parameter), 
indicating that the mid-diaphyseal femoral CSS scales to body size with a slight positive 
allometry (a = 0.21, 95% bootstrapped confidence interval = 0.10–0.31).Large-sized deer 
hence have significantly more elliptical (less circular) femoral mid-diaphyseal cross-section. 
As terrestrial locomotion implies minor torsion loads at midshaft [(Biewener, 1991); but see 
Margerie et al.(2005)], a more strongly defined direction of bending rigidity in the 
mediolateral direction – that of the major axis of femoral mid-diaphyseal cross-section – is 
increasingly found in larger deer. While variability of directions of loading is considered as 
restricted by long bone longitudinal curvature, Bertram and Biewener(1992) found a decrease 
of the latter parameter with increasing size in the radius (and to a lesser extent in the tibia), 
indicative of greater load carrying capacity in large-sized taxa. The femora of deer showing 
the opposite pattern, it appears that directional loading in that case impacts more cross-
sectional shape than pure load carrying. It is noteworthy that a study including a broad 
vertebrate sampling similarly found a positive significant allometry in the CSS of the femur 
and not in the other bones sampled (Houssaye et al., 2016). Since there is no significant 
difference of the maximum diameter among the different bones (Kruskal-Wallis test, p-value 
> 0.6), we have also tested for a difference of variance in the CSS of the whole dataset (no 
significant difference is found in the mean of the small-bodied and large-bodied groups 
either). As with the GC, the small-bodied half group has a greater variance than the large-
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bodied group (0.55 and 0.36, respectively), but the difference was not found as significant 
(Levene’s test, p-value = 0.185). 
 Using a broad dataset of terrestrial mammals and birds, it was previously argued that the 
relative cortical thickness [referred to as the R/t ratio in the initial publication; (Currey and 
Alexander, 1985)] scales with significant negative allometry to body mass in the femur, 
metatarsal (or tarsometatarsus of birds), and metacarpal (or carpometacarpus of birds), but not 
in the tibia (or tibotarsus of birds) or other composite bones (Currey and Alexander, 1985). 
Regarding the bones in which allometry was demonstrated, we cannot draw a similar 
conclusion from our analysis of the relative cortical thickness in the Cervidae.This is unlikely 
due to our smaller sample size and the more restricted range of body sizes described by the 
sampled deer, because a recent analysis, which has used a broad sample of vertebrates, has 
found either no or a weak correlation of the compactness parameters in the bones sampled 
therein, namely the humerus, femur, and rib (Houssaye et al., 2016). 
 Nevertheless, our results do stand out in finding a relationship between body size and 
mid-diaphyseal cortical thickness in deer, a clade that combines a wide range of body sizes 
and a uniform lifestyle. Indeed, we found that the P parameter of large-sized cervids is 
significantly more constrained than that of the small-sized members of the clade.The sampled 
specimens of Elk are outliers, as a relatively thicker cortex is usually seen in deer of this body 
size. The Elk is long-legged, which is regarded as an adaptation for stilt-locomotion (Breda, 
2008). The low cortical thickness of this taxon appears to reflect the elongation of the 
diaphyses of its long bones.The P parameter values of our whole dataset are centred around 
0.577. Interestingly, the optimal value for impact loading (withstand a load suddenly applied) 
or ultimate strength (maximum stress that the bone can withstand before breaking) of this 
parameter was previously determined to be 0.55 in tubular bones of minimum mass 
[mentioned as K in the initial publication; (Currey and Alexander, 1985)]. The lower disparity 
found in large cervids suggests that mass saving is more intensively selected in those taxa 
than in small members of the clade. Even small differences in bone mass were argued to be 
selectively important, because they imply a non-negligible difference of energy cost (Currey, 
2003; Currey and Alexander, 1985). It was previously argued that “the function of the 
skeleton is not purely mechanical, and therefore its mass and morphology represent a 
compromise between different physiological demands, of which mechanical competence is 
only one” (Ruff et al., 2006). Our results emphasize the importance of an energy-saving 
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mechanical function in the tubular bones of large-sized cervids, which is most likely true for 
other terrestrial vertebrates as well. 
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Table S1. List of specimens sampled.  
Femur Tibia Humerus Radius 
Cervus elaphus 
(Quemeneur et al., 
2013) 
(Kriloff et al., 
2008) 
(Canoville and Laurin, 
2010) 
(Germain and Laurin, 
2005) 
Cervus canadensis 
MNHN.AC.1880-
620 
MNHN.AC.1880
-620 MNHN.AC.1880-620 MNHN.AC.1880-620 
Dama dama 
(Quemeneur et al., 
2013) ZIUK 9630 PIMUZ A/V 5248 ZIUK 9630 
Capreolus capreolus 
(Quemeneur et al., 
2013) 
(Kriloff et al., 
2008) 
(Canoville and Laurin, 
2010) 
(Germain and Laurin, 
2005) 
Rangifer tarandus 
(Quemeneur et al., 
2013) 
PIMUZ A/V 
5280 
(Canoville and Laurin, 
2010) - 
Muntiacus muntjak ZIUK 7994 ZIUK 7994 ZIUK 7994 ZIUK 7994 
Megaloceros 
giganteus NMING:F7937/4 
NMING:F22655/
34 NMING:F22655/37 NMING:F22655/36 
Candiacervus 
ropalophorus PIMUZ A/V 5195 
PIMUZ A/V 
5188 - PIMUZ A/V 5186 
Candiacervus sp. II PIMUZ A/V 5218 
PIMUZ A/V 
5222 PIMUZ A/V 5231 PIMUZ A/V 5232 
Sinomegaceros yabei OMNH QV-4068  
OMNH QV-
4068  - - 
Alces alces 
ZMUZ 20242; 
MNHN.AC.1980-
74 ZMUZ 20242 
ZMUZ 20242; 
MNHN.AC.1980-74 ZMUZ 20242 
Pudu puda NMW 60135 NMW 60135 NMW 60135 NMW 60135 
Dicrocerus elegans MNHN.F.Sa6877 
MNHN.F.Sa691
0 MNHN.F.Sa7343 MNHN.F.Sa2453 
Procervulus 
praelucidus 
BSPG 1937 II 
23226 
BSPG 1937 II 
23230 BSPG 1937 II 23234 BSPG 1937 II 23235 
Odocoileus 
virginianus ZMB_MAM8453 
ZMB_MAM845
3 ZMB_MAM8453 ZMB_MAM8453 
Ozotoceros 
bezoarticus ZMB_MAM2055 
ZMB_MAM205
5 ZMB_MAM2055 ZMB_MAM2055 
Rucervus eldii 
MNHN.AC.1937-
157 
MNHN.AC.1937
-157 MNHN.AC.1937-157 MNHN.AC.1937-157 
Elaphurus davidianus 
MNHN.AC.1966-
02 
MNHN.AC.1966
-02 MNHN.AC.1966-02 MNHN.AC.1966-02 
CHAPTER 5: AMSON AND KOLB (IN PREPARATION) 
- 143 - 
Rusa alfredi MNHN.AC Ra-1 MNHN.AC Ra-1 MNHN.AC Ra-1 MNHN.AC Ra-1 
Rusa unicolor 
MNHN.AC.2013-
28 
MNHN.AC.2013
-28 MNHN.AC.2013-28 MNHN.AC.2013-28 
Euprox sp. NMB Sth. 1281 - - - 
Mazama gouazoubira 
NMW 1963-B 
4196 
NMW 1963-B 
4196 NMW 1963-B 4196 NMW 1963-B 4196 
Eucladoceros sp. - 
PIMUZ A/V 
3311 PIMUZ A/V 3312 - 
 
Canoville, A. and Laurin, M. (2010). Evolution of humeral microanatomy and lifestyle in 
amniotes, and some comments on palaeobiological inferences. Biol. J. Linn. Soc.100, 
384–406. 
Germain, D. and Laurin, M. (2005). Microanatomy of the radius and lifestyle in amniotes 
(Vertebrata, Tetrapoda). Zool. Scr.34, 335–350. 
Kriloff, A., Germain, D., Canoville, A., Vincent, P., Sache, M. and Laurin, M. (2008). 
Evolution of bone microanatomy of the tetrapod tibia and its use in palaeobiological 
inference. J. Evol. Biol.21, 807–826. 
Quemeneur, S., Buffrénil, V. de and Laurin, M. (2013). Microanatomy of the amniote 
femur and inference of lifestyle in limbed vertebrates. Biol. J. Linn. Soc.109, 644–655. 
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Table S2. P-values of the tests for phylogenetic signal in bone compactness parameters and 
associated maximum diameter. 
Femur p-values
Max. diameter 0.1177
P parameter 0.6850
Global compactness 0.6368
Tibia 
Max. diameter 0.0894
P parameter 0.0595
Global compactness 0.2162
Humerus 
Max. diameter 0.7297
P parameter 0.2965
Global compactness 0.2979
Radius 
Max. diameter 0.1905
P parameter 0.4533
Global compactness 0.4647
 
 
 
 
 
Table S3. P-values of the tests for phylogenetic signal in the cross-sectional shape (CSS) and 
associated maximum diameter. 
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Femur p-values
Max. diameter 0.1103
CSS 0.4188
Tibia 
Max. diameter 0.0206
CSS 0.6971
Humerus 
Max. diameter 0.0148
CSS 0.6009
Radius 
Max. diameter 0.0034
CSS 0.7643
Footnotes: After Holm–Bonferroni correction for multiple testing, only the maximum 
diameter of the radius features a significant phylogenetic signal (with an initial 0.05 
threshold). 
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SOM 1.This nexus file comprises the matrices of data and timetree allowing to perform the 
phylogenetically-informed statistical tests on the compactness parameters and associated 
section diameter. 
 
Available from the author of this dissertation: christian.kolb@pim.uzh.ch 
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SOM 2. This nexus file comprises the matrices of data and timetree allowing to perform the 
phylogenetically-informed statistical tests on the cross-sectional shape and associated section 
diameter. 
 
Available from the author of this dissertation: christian.kolb@pim.uzh.ch 
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6 Conclusions and future perspectives 
This dissertation contains much documentation on the histology of hard tissues in 
extant and extinct mammals, and the implications of these new data for body size and life 
history evolution are discussed based on different kinds of analyses. In section 1.7 of chapter 
1 and chapter 2, it is shown that synapsid bone displays a large variety of bone tissue and 
vascularisation patterns. Tissue types observed in bone are lamellar, parallel-fibred, 
fibrolamellar, and woven-fibred bone, depending on taxon and individual age. Large bodied 
cynodont and mammalian species typically show plexiform to laminar vascularisation. 
Deposition of secondary Haversian bone in synapsids is common. Only “basal” synapsids 
such as edaphosaurids and sphenacodontids exhibit little or no remodelling. In chapter 3, 
histological observations in extinct and extant cervids revealed the presence of laminar bone 
tissue in the middle and outer cortex of adults of small-sized deer (dwarf Candiacervus, 
Procervulus and Muntiacus) suggesting lower growth rates, in contrast to the occurrence of 
plexiform bone in intermediate to large sized forms. Measured growth rates from femora and 
tibiae revealed relatively low rates in dwarf Candiacervus, whereas the giant deer 
Megaloceros shows high rates. Intermediate sized and small cervids show comparable growth 
rates with the slowest growth in the stem-cervid Procervulus. Dwarf Candiacervus and 
Procervulus skeletally matured late in comparison to similar sized extant cervids such as 
Muntiacus, demonstrating the variability of life history parameters in island as well as 
continental cervids. The oldest individual of Megaloceros recorded in our cementum analysis 
was 19 years, whereas the oldest individual of dwarfed Candiacervus was 18 years, indicating 
prolonged longevity for a deer of this body size. The condition found in Candiacervus, i.e. the 
overall absence of lamellar-zonal bone tissue, has features in common with that of the island 
bovid Myotragus (Köhler et al. 2009), but is achieved with less far reaching modification of 
bone tissue. Therefore, various modes of bone histological modification and mammalian life 
history evolution in island mammals in comparison with mainland ones, as likely determined 
by factors such as island size, distance from mainland, climate, phylogeny, and time of 
evolution, are suggested (Lomolino et al. 2012, 2013). Chapter 4 shows the bone cortex of 
Dicrocerus to be consistent with that of other small cervids. Dicrocerus reached its skeletal 
maturity after five years (during the sixth year of life), similar to Cervus elaphus, 
Megaloceros, and dwarf Candiacervus. A phylogenetic signal was found for the 
anteroposterior diameter of the bone section. Alces and the Megacerina (here represented by 
Megaloceros and Sinomegaceros) independently acquired a high growth rate. A 
phylogenetically informed linear regression shows that the growth rate in cervids strongly 
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correlates with body size, confirming the results of chapter 3. Second annual growth rates of 
Procervulus and Euprox are much lower than those of Dicrocerus, which fall slightly above 
the 95 % confidence interval of the phylogenetically corrected linear regression, indicating a 
relatively high growth rate for its size. The reconstruction of an ancestral growth rate value 
for all cervids is 1.63 µm/day and reversion to a lower ancestral growth rate in dwarf 
Candiacervus as well as an increase in Megacerina was found. The particularly high growth 
rates in Dicrocerus in comparison to other stem-cervids from the Miocene document diversity 
in the early life history evolution of the Cervidae. In chapter 5, compactness parameters in 
cervid long bones indicate the relative thickness of the bone cortex to be more constrained in 
large-sized taxa, suggesting more intense selection for an energy-saving mid-diaphyseal 
structure. Pointing towards greater directional bending rigidity in large-sized taxa, femoral 
cross-sectional shape exhibits positive allometry. 
By using bone and tooth histological methods, this dissertation advanced the 
knowledge on life history, body size, and island evolution of mammals and especially cervids, 
but much can still be learnt. Sampling of more specimens and species for further bone 
histological examinations of fossil insular endemics and their mainland relatives within an 
ontogenetic framework would significantly improve our knowledge of the ecology of past 
ecosystems. It would be essential to sample long bones of the extinct rhinocerotoid 
Paraceratherium for understanding the life history of the largest terrestrial mammal that ever 
lived. In the case of Leithia, the extinct island rodent, sampling of more specimens would help 
to put into context its special bone histology, i.e. the occurrence of a high amount of compact 
coarse cancellous bone, and deduce possible island modifications. More actualistic studies of 
the bone histology of mammals would help to improve our knowledge of life history signals 
in bone, i.e. essentially speed of growth, timing of sexual/skeletal maturity, and longevity. 
This could be achieved not only by invasive thin section techniques but as well via non-
invasive virtual imaging and new statistical/computational methods. 
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APPENDIX 1 
 
The palaeohistology of the basal ichthyosaur Mixosaurus Baur, 1887 (Ichthyopterygia, 
Mixosauridae) from the Middle Triassic: Palaeobiological implications 
 
Authors: Kolb C., Sánchez-Villagra M. R., Scheyer T. M. 
Publication: 2011, Comptes Rendus Palevol, 10:403-411. 
Contributions: CK and TMS designed the study/experiments and wrote the manuscript, 
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performed the experiments, and all authors contributed to the final interpretation and editing 
of the manuscript. All authors read and approved the final manuscript. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
APPENDIX 1: KOLB ET AL. (2011) – C. R. PALEVOL 
- 182 - 
APPENDIX 1: KOLB ET AL. (2011) – C. R. PALEVOL 
- 183 - 
APPENDIX 1: KOLB ET AL. (2011) – C. R. PALEVOL 
- 184 - 
APPENDIX 1: KOLB ET AL. (2011) – C. R. PALEVOL 
- 185 - 
APPENDIX 1: KOLB ET AL. (2011) – C. R. PALEVOL 
- 186 - 
APPENDIX 1: KOLB ET AL. (2011) – C. R. PALEVOL 
- 187 - 
APPENDIX 1: KOLB ET AL. (2011) – C. R. PALEVOL 
- 188 - 
APPENDIX 1: KOLB ET AL. (2011) – C. R. PALEVOL 
- 189 - 
APPENDIX 1: KOLB ET AL. (2011) – C. R. PALEVOL 
- 190 - 
 
 - 191 - 
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A new look at ichthyosaur long bone microanatomy and histology: implications for their 
adaptation to an aquatic life 
 
Authors: Houssaye A., Scheyer T. M., Kolb C., Fischer V., Sander P. M. 
Publication: 2014, PLoS ONE, 9(4):e95637. 
Contributions: AH and PMS conceived and designed the study/experiments, AH performed 
the experiments, AH and PMS analysed the data, AH, CK, PMS, TMS, and VF contributed 
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